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Abstract

Tritium is one of the more important radionuclides used in nuclear industry as plutonium and uranium. The tritium in tritiated water
always causes difficulties in nuclear installations, including equipment corrosion. Moreover, with tritiated water there are, in addition, the
radiolytic and decomposition products such as hydrogen peroxide formed during decay, chloride ions produced by degradation of
organic seals and oils used for tightness and pumping, and acid pH produced by excitation of nitrogen in air by the b� particle. Highly
concentrated tritiated water releases energy and its temperature is about 80 �C, moreover heating is necessary in the tritium processes.
These conditions highly facilitate the corrosion of stainless steels by pitting and crevice attack. Corrosion tests were performed by elec-
trochemical analysis methods and by visual inspection of the surface of stainless steel.
� 2007 Elsevier B.V. All rights reserved.

PACS: 25.55.�e; 82.45.Bb; 81.70.�q; 68.47.Gh
1. Introduction

The stainless steel used in the civilian (ITER) and mili-
tary plants for the reprocessing of the tritiated water is type
316L austenitic stainless steel, which has a good corrosion
resistance compared with other steels. However, several
cases of corrosion have occurred in these reprocessing
plants [1]. The tritium in tritiated water decays with the for-
mation of helium and the emission of a b� particle. The
energy released (W) in this decay is 5.7 keV per tritium
atom, which is high enough to locally decompose the triti-
ated water molecules along the path of the b� particle. This
leads to the formation of radiolytic products like hydrogen
peroxide [2–4]. The reactions occurring in this decay can be
summarized as follows:
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3H2O! 23Heþ 0:5O2 dissolved þ 2b� W ¼ 5:7� 2 keV;

ð1Þ
3H2O; 0:5O2 þ b� ! f3H�; 3HO�2:::gsolvated ! 3H2O2 ð2Þ
The solvated radicals have a very short life (lower than
10�7 s), reacting rapidly with other radicals, and it is diffi-
cult to know their kinetics and to show their existence. Be-
sides, 3H2O2 is stable and can easily be analyzed and
quantified. During the radiolysis of the tritiated water, fi-
nally the formation of the hydroxonium ions (3H3O+) does
not appear. Tritiated water should not be acidic in the ab-
sence of impurity.

As with water, the b� particle energy decomposes the
organic polymer joints in valves or vacuum pump oils when
these are in contact with gaseous tritium or tritiated water
vapor. If these polymers have R–Cl bonds, then the decom-
position reaction would be

R–Clþ 3H2Oþ b� ! Cl� þ 3Hþ3HCO�3 þR0– ð3Þ
where R and R 0 represent organic radicals. It was observed
that the decomposition of sintered Ni + PTFE or PVC
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Fig. 1. Jug and hollow needle for sampling tritiated water, A: detail, 1:
jug, 2: supple rubber membrane, 3: open screwed cork, 4: closed screwed
cork, 5: hollow needle, 6: needle guide head, B: jug assembled for sampling
the tritiated water.
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composites tested in our laboratories is visible after two
months and the concentrated tritiated water used (e.g.,
1.5 PBq dm�3) becomes brownish during decomposition.
Color disappears when the composite is removed from
the tritiated water. After soaking, this tritiated water con-
tains an appreciable concentration of chloride and car-
bonic acid.

An acidic medium was selected since, unfortunately, rel-
atively concentrated acid solutions are produced in tritiated
water when this or tritiated vapor is in contact with air.
This can be explained by the effect of b� particles on the
nitrogen in air [2–4]:

N2 þ b� ! 2N� ð4Þ
N� þ 33H2O! 3HNO3 þ 53H� ð5Þ

Taking as an example, a tank of tritiated water at a concen-
tration of 3 g dm�3 in tritium, at the atmospheric pressure
was cooled at a temperature of 25 �C, and its radioactivity
was 1.5 PBq dm�3 and the energy transferred in the triti-
ated water was 8 EeV dm�3 s�1.

The gas phase contains nitrogen, oxygen, tritium and
tritiated water vapor. At the pseudoequilibrium, the tritium
concentration in the gas phase will beX

3H ¼ 35 nmol cm�3 ð6Þ

and the energy released can be written as

dE=dt ¼ kNW R3H; ð7Þ
where t is the time, k the disintegration constant (1.8 ns�1)
and N the Avogadro number. Formulating the hypothesis
that nitrogen absorbs 80% of the energy and taking an effi-
ciency of 2% to produce the nitric acid [2–4], the energy
used and the rate of formation in acid (v) will be

dE=dt ¼ 0:2 TeV cm�3 s�1; ð8Þ
v ¼ 5 fmol cm�3 s�1: ð9Þ

In application, tritiated water initially at pH 7 will have a
pH of 4 after one year of stocking in the presence of air.
In this environment, the tritiated water becomes acidic,
and contains hydrogen peroxide. This will be aggressive
for corrosion. In addition, circumstances become worse,
the concentration in nitric acid formed also depends on
the exchange surface between the gas and liquid phases
and temperature. Large surface and high temperature rap-
idly lead to a high concentration of tritiated vapor and the
tritiated water quickly becomes very acidic.

Therefore, in this work we studied the effect of temper-
ature on corrosion of the 316L stainless steel in tritiated
water containing chloride and hydrogen peroxide at pH 4.

2. Experimental equipment and procedure

To analyze the tritiated water and to test the corrosion,
it was necessary to realize a system of reliable sampling and
not contaminating it for the reprocessing (avoiding to spill
the tritiated water outside the metal tank or the jug for
sampling). The same arrangement was made for the evacu-
ation of the tritiated water after analysis.

The materials (Fig. 1(A) and (B)) used for the sampling
are

– a safe small jug (1) made of strengthened glass resistant
to shocks and accidental falls and sheathed outside with
a plastic membrane. Glass is chosen to have a visual
control over the level of filling,

– a supple rubber membrane (2) put in the opening of the
small jug. The membrane is maintained in place by an
open (3) or closed (4) screwed cork. The closed cork
ensures tightness and is used to carry the tritiated water
from the stocking to the ‘hot’ laboratory,

– a hollow needle (5) to drill the membrane and to intro-
duce the tritiated water into the small jug, or to empty
the small jug,

– a needle guide head (6) to protect the fingers of the oper-
ator against the extremity of the sharpened needle con-
taminated by tritiated water. The needle is in contact
with the tritiated water for sampling or its recuperation
after analysis.

During the process of sampling, the small jug is in
depression with regard to the tank containing tritiated
water to be analyzed. The necessary amount of tritiated
water is sucked up in the small jug. The recovery of the tri-
tiated water after analysis is made from the small jug at the
atmospheric pressure to the metal tank in depression and
where the stocked tritiated water is frozen at �40 �C. The
tritiated water analyzed is sucked up in this tank.

To ensure safety, a thermostated electrochemical cell
(Fig. 2) was specially constructed with a dual wall made
of thick glass and put in a highly stable rigid plastic tank.
In case of breakage of the glass, this arrangement has the
advantage that the tritiated water is contained in this tank
and is not spilled over the bottom of the glove box used for
the tests. All the corrosion tests were, therefore, carried out



Fig. 2. Electrochemical cell for corrosion tests in glove box.

Table 1
Composition of 316L stainless steel

Element Fe Cr Ni Mo Mn C

wt% 69 16.8 10.3 2.1 1.4 <0.03

Fig. 3. Polarization curves with chloride, effect of temperature v:
5 mV s�1, A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3, temperature: (1)
20; (2) 40; (3) 60; (4) 80 �C.
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in a glove box in a ‘hot’ laboratory due to the radiological
and contamination risks. The volume of tritiated water
used in the cell was 10 cm3 and its concentration was
3 g dm�3 (�2.5% in tritium). To carry out these tests, we
have, consequently, radiochemically and chemically ana-
lyzed the tritiated water. The tritium concentration in the
water was determined with a liquid scintillation spectro-
photometer (Beckman LS 1800) and a scintillation fluid
(Ultima Gold XR Packard Instruments) as well as with
an isothermal microcalorimeter (Setaram c-80) working
in the microwatt range. The versatility of this technique
has been enhanced by the insertion of miniaturized analyt-
ical sensors into the vessel, thus improving the interpreta-
tion of the results. Depending on the initial concentration
of hydrogen peroxide, chloride and pH, the amounts of
these species and nitric acid were added to reproduce their
higher concentrations found in tritiated water. High con-
centration of hydrogen peroxide is usual in close containers
for stocking. The concentrations are easily quantified by
potentiometric titration and measurements using platinum,
chloride-selective and pH electrodes. Potentiometric titra-
tion is an oxidation–reduction method where the end-point
is indicated by a rapid change in the potential. Hydrogen
peroxide was reduced by electrolytic reduction, where the
effect of chloride was studied alone. Corrosion tests were
realized by polarization technique, cyclic voltammetry,
and electrochemical impedance spectroscopy. The electro-
chemical equipment consisted of a Radiometer bipotentio-
stat and a signal generator (PRT-20 and GSTP3)
connected to a Tektronic 2230 numerical oscilloscope to
display the currents in cyclic voltammetry. After storage
in the oscilloscope, the curves were recorded on a Hew-
lett-Packard AXY HP 7440 plotter. The electrochemical
impedance diagrams and the polarization curves obtained
at a low scan rate were plotted with a Radiometer ZCP
130T generator controlled by a computer monitored by a
HP 82324 co-processor. The spectra were obtained in an
imposed potentiostatic mode where the current is free to
change. The measurement sequence in passivity was (1)
to apply a given potential stable within 1 mV to ensure sta-
tionary condition to obtain the impedance spectra with
good reproductivity, first at the lower temperature, (2) to
increase the temperature for the second point of measure-
ment to obtain the next impedance spectra, (3) to repeat
the sequence up to the higher temperature. The frequency
was scanned from high (100 kHz) to low (10 mHz) frequen-
cies with a sinusoidal voltage variation of ±10 mV. The ref-
erence and auxiliary electrodes were saturated calomel
(SCE) and platinum electrodes, respectively. A platinum
wire was connected to the reference electrode through a
0.1 lF capacitor to eliminate any possible interference
and short connection leads were used to minimize induc-
tance effects. The working electrode was mechanically pol-
ished using silicon carbide sheets, then with diamond paste
down to 1 lm mesh grade before each test. The composi-
tion of the stainless steel is given in Table 1. The steel sur-
face was examined after the tests with a Cambridge S90
scanning electron microscope.
3. Experimental results

3.1. Results obtained with chloride

3.1.1. Polarization and voltammetric curves

The polarization curves obtained with chloride and at a
low scan rate of 5 mV s�1 are shown in Fig. 3. Two regions



Table 2
Pitting and repassivation potentials as a function of temperature with
chloride

T (�C) 20 40 60 80

Epit (V/SCE) 0.80 0.74 0.67 0.60
Erep (V/SCE) 0.50 0.35 0.20 0.05
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can be identified: a narrow passive and a large pitting region
depending on temperature. The 316L stainless steel remains
passivated over a smaller potential domain when the tem-
perature increases. The transition potentials between the
pitting potential (Epit) and the repassive potential (Erep)
increase with an increase in the temperature. This clearly
defines the pitting potential domain and shows that oxide
provides protection over the domain located between the
prepassivity and the post-prepassivity at high temperature.
It can be seen that the corrosion potential (Ecorr) slightly
increases with the temperature, and the small difference
between Ecorr and Erep at the higher temperature should
indicate that there is a risk of crevice corrosion.

The use of relatively fast scan rates is unusual in corro-
sion testing, and the justification for this technique in vol-
tammetry is given by Morris and Scarberry [5]. With the
rapid-scan, tests are more sensitive and it is easier to find
Fig. 4. Voltammetry curves with chloride, effect of temperature v:
200 mV s�1, A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3, temperature: (1)
20; (2) 40; (3) 60; (4) 80 �C.
peaks and inflections whereas in the slow-scan curves, cur-
rent variation suggests they exist. In addition, during high
scan rates, the kinetics of transients can operate differently.
Tests realized by cyclic voltammetry at a scan rate of
200 mV s�1 (Fig. 4) show the active peak and changes in
the pitting current visible only in the return scan on varying
the temperature. This corresponds to metastable pitting
events. These tests allow us to define the evolution of the
critical potentials for pitting and repassivation (Table 2)
for a given temperature and to compare the results at dif-
ferent temperatures. As suggested by the shape of the posi-
tive hysteresis, pits would continue to initiate and grow in
the backward scan up to the potential where the current is
zero. At lower potentials than �0.1 V/SCE, the oxides
begin to reduce. According to high scan rates, the kinetics
in pitting and repassivation are fast (depending on time as
seen in the rapid-scan). With regard to curve 4 (Fig. 4), the
surface corrodes in places, repassivates by filling the pits at
a potential lower than 0.1 V/SCE, consequently there is no
pitting propagation in the active and post-active regions at
high temperature.
3.1.2. Impedance diagrams

The experimental Nyquist plots obtained for the 316L
stainless steel subjected to different temperatures and
drawn at the limit of the passive-pitting potentials for each
temperature are shown in Fig. 5. A well-defined capacitive
semicircle is observed in the spectra at high frequencies.
This is the characteristic of charge transfer impedance. This
semicircle is followed by an inductive loop at lower fre-
quencies. The inductive loop should be associated with
relaxation processes in the oxide layer as indicated by Ked-
dam et al. [6]. It would appear that the chloride ions adsorb
and diffuse into the oxide before pitting. In these diagrams,
the size of the capacitive semicircle and the aspect of induc-
tive loop depend on the temperature. It can be deduced
that the impedance is reduced as the spectrum passes from
low to high temperatures. At low temperature, the induc-
tive loop is complete and adsorption is more important,
whereas at high temperature, the loop is not entire and pit-
ting is more propagating. The capacitive and inductive
regions are delimited by a time constant interacting with
the two regions, this is equal to s ¼ x�1

c where xc is the
characteristic angular frequency separating the semicircle
and the loop. To provide physical significance for these
spectra and obtain values of electrical circuit, an equivalent
circuit is proposed in Fig. 6. In this circuit, the total imped-
ance (Z) will be given by



Fig. 5. Nyquist plots with chloride, effect of temperature at the limit of
passive-pitting potentials, A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3,
temperature: (1) 20 �C and 0.675 V/SCE; (2) 40 �C and 0.575 V/SCE; (3)
60 �C and 0.475 V/SCE; (4) 80 �C and 0.425 V/SCE.

Fig. 6. Equivalent circuit for impedance simulation Rel: electrolyte
resistance, Rct: charge transfer resistance, C: capacitance, Rlc, W: localized
corrosion or oxide resistance and Warburg impedance for limited
diffusion, L: inductance.
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1=Z ¼ 1=Rel þ jxC þ 1=ZF; ð10Þ

where the faradaic impedance (ZF) is

ZF ¼ Rct þ
jxRlc

jxLþ Rlc

: ð11Þ

Here x is the angular frequency, j is the imaginary opera-
tor, Rct is the charge transfer resistance, C reflects an
capacitance, Rel is the electrolyte resistance, Rlc and L are
the oxide and corrosion resistance and the inductance im-
plied in the adsorption phenomenon. Suitable values of
the circuit elements and the time constant were obtained
by calculation using the Circelec program (Table 3). The
charge transfer resistance decreases when the temperature
increases; this indicates an increase of pitting corrosion.
The inductance and time constant values are higher and
Table 3
Dependence of charge transfer resistance, inductance and time constant on
temperature with chloride

T (�C) 20 40 60 80

Rct (X cm2) 190 140 115 85
L (H cm2) 10 7 4 1
s (s) 8 · 10�3 4.2 · 10�2 0.21 1.7
lower, respectively, when adsorption phenomena are pro-
duced at low temperature, and there is an inverted behavior
in their values when adsorption is followed by more pitting.
The onset of pitting–repassivation can be determined by
considering the Eqs. (10) and (11), the limiting value of
ZF for jx! 0 is equal to the repassivation resistance given
as Rct in Table 3.
3.2. Results obtained with hydrogen peroxide

3.2.1. Anodic polarization curves

Anodic polarization curves obtained for different tem-
peratures are presented in Fig. 7. These curves exhibit dif-
ferent characteristics. The corrosion potential is shifted in
the passive region where the diffusion of O2� is feasible
in the oxide [7]. At the corrosion potential, the corrosion
should occur at the cathodic and anodic free sites at acid
pH by the following reactions and in the presence of a
native oxide which is difficult to reduce at these potentials
as shown in Fig. 4 and in [8]. Effectively with regard to this
figure, applying an upper potential higher than �0.1 V/
SCE did not reduce the native oxide completely.

Cathodic sites:

ð1þ xÞ3H2O2 þ 2ð1þ xÞe�

! x3H2Oþ 2O3H� þ xO2�
ads ð12Þ

where x is the coverage in native oxide. Hydrogen peroxide
should be reduced on this oxide.

The cathodic current in the above reaction is

ic ¼ �2ð1þ xÞkcF ½3H2O2�ð1þxÞ exp�FE=RT: ð13Þ
Fig. 7. Polarization curves with hydrogen peroxide, effect of temperature
v: 5 mV s�1, A: 0.2 cm2, pH 4, 3H2O2: 7 · 10�3 mol dm�3, temperature: (1)
20; (2) 40; (3) 60; (4) 80 �C.



Table 4
Corrosion potential of 316L stainless steel as a function of temperature
with hydrogen peroxide

T (�C) 20 40 60 80

Ecorr (V/SCE) �0.09 �0.04 0.01 0.06
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Anodic sites where coverage by the adsorbed species acts
for the determining reaction:

Meþ 23H2O!MeðO3HÞads þ 3H3Oþ þ e� ð14Þ
MeðO3HÞads $MeO3Hþads þ e� ð15Þ
MeðO3HÞads þ 3H3Oþ $Me2þ

ads þ 23H2Oþ e� ð16Þ
MeO3Hþadsþ3H3OþMe2þ

ads þ 23H2O ð17Þ
Me2þ

ads þ 43H2O!MeðO3HÞ2 þ 23H3Oþ ð18Þ

The reaction scheme shows two paths with three intermedi-
ates (Me(O3H)ads, MeO3Hþads and Me2þ

adsÞ and one divalent
passivating species (Me(O3H)2) as shown in [9]. The disso-
lution through Eqs. (15) and (17) is a fast electrochemical
step, but dissolution is controlled by surface coverage
through the limiting chemical step (Eq. (18)) and in the
presence of limiting electronic diffusion by O2� in the
remaining native oxide, which determine the overall reac-
tion rate when the corrosion potential is in passivity as pro-
posed by Lorenz et al. for a weakly acidic medium [10]. The
anodic current for the corrosion potential will be in the free
sites as

ia ¼ kaF MeðO3HÞads

� �
3H3Oþ
� �

exp FE=RT: ð19Þ

In Eqs. (13) and (19), ka and kc are the anodic and cathodic
reaction rate constants (mol cm�2 s�1). ka is governed by
Eqs. (15) and (17) but this is controlled by the coverage
in hydroxide (Eq. (18)) with ionic diffusion in the native
oxide by O2�. Me(O3H)2 contributes to passivity by means
of an oxide–hydroxide. Therefore, the oxide layer has a
complicated chemical structure which is described as a bi-
layer model. The structure of the related layers changes
with the potential, the chemical media and with other fac-
tors such as the temperature. These equations show that
O3H� and 3H3O+ are produced and consumed in cathodic
and in anodic sites resulting in local pH modifications at
the surface of the steel as demonstrated by the previous
work in our laboratories [11]. This model where the corro-
sion potential is in passivity depends on Me(O3H)2 and the
adsorbed species, but in this region of potential, the point
defect model proposed by Macdonald [7] and the simple
activation control anodic reactions model coexist and gov-
ern all the processes and currents. The corrosion potential
of this system is the potential at which both the cathodic
and the anodic currents are equal. Measurements of the
free potential indicate that this is set around the corrosion
potential and the active region when hydrogen peroxide is
alone. Therefore these potentials serve as a reference to
interpret the results for a nuclear installation where the po-
tential is free. From the previous equations, the simplified
expression of Ecorr is assumed to be

Ecorr ¼
1:15RT

F
log

2ð1þ xÞkc

ka

� �
þ log 3H2O2

� �ð1þxÞ
�

� log MeðO3HÞads

� �
þ pH

�
: ð20Þ
In this equation, the corrosion potential not only depends
on 3H2O2, pH, the coverage by Me(O3H)ads, the ratio of
the cathodic and anodic reaction rate constants, and the
temperature, but also on the Me(O3H)2 presence and the
native oxide not completely reduced for these potentials.
In the experimental conditions, the concentrations of
3H2O2 and pH are defined and the value estimated is
1.85. Therefore, variation of the corrosion potential with
the temperature can be written as

oEcorr

oT
¼ 10�4 1:85þ log

2ð1þ xÞkc

ka

� �
� o log MeðO3HÞads

� �� �
:

ð21Þ
The effect was experimentally checked over 20–80 �C and
the results are given in Table 4. From the table, we see that
oEcorr/oT is constant and the value is about 2.5 mV/�C.
This result indicates that in Eq. (21), Me(O3H)ads is not a
second variable, and thereby the electrochemical reactions
are controlled by the limiting chemical step (Eq. (18)) and
the limiting covering oxide with ionic diffusion of O2�. In
Fig. 7, the cathodic and anodic experimental Tafel slopes
are about �120 and 74 mV per decade. The large cathodic
slope value indicates that the reaction of hydrogen perox-
ide reduction is limited by diffusion of O2� in oxide as
shown by Nogami and Shiratsuchi [12]. This signifies that
the oxide is passivated with 3H2O2 and that value of the
corrosion potential is dependent on its presence and that
of native oxide covering the surface. The passive domain
is smaller at high temperature.

3.2.2. Voltammetric curves

Fig. 8 illustrates the voltammograms obtained at differ-
ent temperatures. It can be seen that the presence of hydro-
gen peroxide significantly affects 316L stainless steel
oxidation and reduction processes. The curves exhibit the
following characteristics:

(a) in the forward scan, the active peak at �0.2 V/SCE
has disappeared and the current takes a negative
value when the temperature is high enough. During
the backward scan, a major reduction current occurs
near �0.5 V/SCE. These negative currents increase
with the temperature and correspond to the hydrogen
peroxide reduction following the cathodic reaction
(Eq. (12)),

(b) the anodic curves intersect the potential axis at more
positive potentials with the increasing temperature.
At intermediate temperatures, the corrosion potential
or the rest potential will be in the active peak and in
the active–passive transition (Flade potential). This
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corresponds to mixed electrode behavior bringing
about instabilities in the formation of the oxide layer,
which will be more difficult to stabilize and passivate,

(c) at higher temperatures, the passive current partially
disappears. The oxide layer is formed in a shorter
potential range with the reduction of hydrogen perox-
ide. Consequently the corrosion potential and the rest
potential are in the passive region and the 316L stain-
less steel should be protected against corrosion in this
short domain,

(d) the post-passive region is followed by a transpassive
peak preceding the oxide layer dissolution and oxy-
gen evolution potentials. The current increases
quickly in this region with high temperature. The
reaction concerning dissolution in the transpassive
region is
Fig. 8. Voltammetry curves with hydrogen peroxide, effect of temperature
v: 200 mV s�1, A: 0.2 cm2, pH 4, 3H2O2: 7 · 10�3 mol dm�3, temperature:
(1) 20; (2) 40; (3) 60; (4) 80 �C.
Me2O3 þ 33H2O2 þ 33H2O! 2MeO2�
4 þ 43H3Oþ ð22Þ

From this equation, 3H2O2 participates in the production
of acidity with transpassive corrosion.

Evidently high temperature significantly affects all oxi-
dation and reduction processes in limiting the region of
passivity by the displacement of the active region in this
region. Consequently, the net corrosion current remains
in passivity and is equal to the sum of two currents with
opposite signs: the current due to 316L stainless steel oxi-
dation at the free sites, according to Eqs. (14)–(18), and
the current due to the reduction of 3H2O2 on the native
oxide. To conclude, the corrosion potential and the rest
potential are in passivity following the coexistence of two
models: the simple activation control anodic reaction
model and the point defect model.
3.2.3. Impedance spectra

This section is concerned with the analysis of impedance
data for the 316L stainless steel at different temperatures, in
the presence of 3H2O2 and in the region slightly over the
corrosion potential, where passive oxide forms. The imped-
ance data will be compared to evaluate the effect of temper-
ature on the oxide and its physical characteristics.
Comparative Nyquist plots in Fig. 9 show two distinct
regions:

(a) In the high and middle frequency range (1 kHz to
10 Hz), the Nyquist plots exhibit a semicircle. This
is the response of the charge transfer resistance. This
aspect of the spectra indicates that 316L stainless
steel becomes predominantly less resistive in the
shorter concerned passive region at high temperature.

(b) In the low frequency range, the diagrams display a
tongue which disappears at the higher temperature.
This is the characteristic response of adsorption phe-
nomena of hydroxide beside the native oxide.

According to these results, the impedance response may
be attributed to two possible consecutive processes in the
common active and passive regions: oxide layer adsorption
with relaxation at lower temperatures and corrosion fol-
lowed by protection at higher temperatures. Therefore,
the method is suitable for showing the characteristics of
oxide, and indicates that the oxide layer obeys a law
depending on the parameters: temperature and hydrogen
peroxide. This aspect of the Nyquist diagrams indicates
more resistive oxide at low and intermediate temperatures,
and oxide thickening at high temperature by the decreasing
resistance. This reflects, in reality, the formation of a pro-
tective oxide layer at high temperature.

One of the aims of plotting the experimental diagrams is
to find the values of the main electrical elements using the
Circelec software program [13,14]. Diagnostic criteria for
the choice of the equivalent circuit for modeling impedance
data may be summarized by visual observation of the shifts
in the simulated spectra in comparison to the experimental



Fig. 9. Nyquist plots with hydrogen peroxide, effect of temperature A: 0.2 cm2, pH 4, 3H2O2: 7 · 10�3 mol dm�3, temperature: (1) 20 �C and �0.1 V/SCE;
(2) 40 �C and 0.04 V/SCE; (3) 60 �C and 0.09 V/SCE; (4) 80 �C and 0.14 V/SCE (potentials in the active–passive region).
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Nyquist plots in changing temperature. In the active–pas-
sive region, the spectra give a perfect fit with the experi-
mental data if the total impedance is modeled according
to the circuit in Fig. 6. The main values obtained for the
electrical elements are given in Table 5. It can be seen that
Me$ foxideg þ V O2�

Meþ V Menþ $ foxideg

�
alloy–oxide interface;

ð23aÞ
ð23bÞ

ð23Þ

V O2� þ 3H2O2 þ 2e� $ 3H2OþO2�

foxideg þ 43H2O$ V Menþ þMeðO3HÞ2 þ 23H3Oþ þ 2e�

)
oxide–hydrogen peroxide interface;

ð24aÞ
ð24bÞ

ð24Þ
the charge transfer resistance varies from 310 to 100 X cm2.
The resistance in this table denotes a behavior due to disso-
lution in the active region according to Eq. (17) before
protection.

To interpret the previous experimental results, it is nec-
essary to adapt the theory of the point defect model in pas-
sivity proposed by Macdonald [7] and Lorenz et al. [15]
with the simple activation control anodic reaction model
taking the valency of two for Me at the tritiated water–
oxide interface described as Me(O3H)2. Thus, it is easier
to understand the adsorption and diffusion controlled pro-
cesses within the oxide layer and where the corrosion
potential is in passivity. The point defect model contains
the following basic features:

– the oxide layer contains vacancies (V nþ
Me and V 2�

O Þ,
– the vacancies are in equilibrium at the hydrogen perox-

ide–oxide and oxide–alloy interfaces,
– the oxide layer kinetics and intermediates are governed

by vacancies across the oxide layer.
Table 5
Dependence of charge transfer resistance on temperature with hydrogen
peroxide

T (�C) 20 40 60 80

Rct (X cm2) 310 220 160 100
Based on these considerations, in combining the point
defect model in passivity with the simple activation control
anodic reaction model by Me(O3H)2, the following reac-
tions, besides Eqs. (12), (14)–(18), are in equilibrium at
each interface:
where {oxide} represents metal cations in the oxide layer
which are in equilibrium with the metal cation vacancies.
V 2�

O are produced at the oxide–alloy interface and con-
sumed at the hydroxide–hydrogen peroxide interface in
increasing acidity. As a result, V 2�

O diffuses from the
oxide–alloy to oxide–hydrogen peroxide interfaces, or
equivalently, O2� diffuses from hydroxide–3H2O2 to
oxide–alloy interfaces. Similar arguments show that V nþ

Me

diffuses from the oxide–hydrogen peroxide to alloy–oxide
interfaces, and equivalently, {oxide} diffuses in the oppo-
site direction. The net results of V 2�

O migration can be writ-
ten by combining Eqs. (23a) and (24a):

Meþ 3H2O2 þ 2e� $ foxideg þ 3H2OþO2� ð25Þ

Similarly, combining Eqs. (23b) and (24b) shows that the
net result of V nþ

Me migration can be expressed as

Meþ 43H2O$MeðO3HÞ2 þ 23H3Oþ þ 2e� ð26Þ

From the set of previous reactions, it is clear that the diffu-
sion of V 2�

O (or equivalently O2�) results in oxide thicken-
ing and is produced with the consumption of 3H2O2 at
the oxide–hydrogen peroxide interface, whereas the diffu-
sion of V nþ

Me (or equivalently {oxide}) is accompanied by
the formation and adsorption of Me(O3H)2 as seen in the
active region. The reactions occurring within the oxide
are influenced by the different potential drops in the al-
loy–oxide and oxide–hydrogen peroxide interfaces and



Fig. 10. Polarization curves with chloride and hydrogen peroxide, effect of
temperature v: 5 mV s�1, A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3,
3H2O2: 7 · 10�3 mol dm�3, temperature: (1) 20; (2) 40; (3) 60; (4) 80 �C.

Fig. 11. Scanning electron microscopy of 316L stainless steel (a) pits, (b)
crevices, (c) generalized corrosion, in presence of 5 · 10�2 mol dm�3 Cl�

and 7 · 10�3 mol dm�33H2O2, at 0.45 V/SCE, temperature: 80 �C.

28 G. Bellanger / Journal of Nuclear Materials 374 (2008) 20–31
with the oxide layer, where the latter is D/. Therefore,
these require field-assisted ion and electron transports
through the oxide layer. Within the oxide layer thickness
of some tenths of nanometres, the electrical field strength
is of the order of some hundreds of mV [16], which enables
the migration of ions through the oxide layer at a measur-
able level in currents of a few lA. This low current enables
to limit the current of hydrogen peroxide reduction, there-
by the simple activation model controls the anodic reaction
on the free sites when the active potentials are in passivity,
showing the complexity of the system. According to the
point defect model, the oxide–hydrogen peroxide interface
is polarizable, therefore it is expected that the total poten-
tial drop is a function of oxide layer characteristics, inter-
facial 3H2O2 concentration and temperature:

oDE ¼ oDEoxide–alloy þ 2:3
RoT
2F

o log 3H2O2

� �
interface

h i
þ oD/;

ð27Þ
where DE represents a potential drop between the inter-
faces and within the oxide layer. In this equation, the effect
of high temperature is similar to that of an increase in the
3H2O2 concentration. Large potential drop may indicate
large thickness of the oxide layer with modification of
vacancies diffusion and their accumulation at the interfaces
up to a critical value depending on potential, temperature
and species presence. Critical potential combined with the
effects of hydrogen peroxide and temperature will be ex-
plained in the next section. In reality, there is large thick-
ness when the point defect model and the simple
activation control anodic reaction model are in the passive
region for higher temperatures.

3.3. Results obtained with chloride and hydrogen peroxide

3.3.1. Polarization and voltammetric curves

The polarization curves obtained at different tempera-
tures are shown in Fig. 10. The passive potential domain
does not exist as the corrosion potential shifts towards
more positive values and the pitting potential shifts very
slightly towards lower values at high temperature. Effect
on the value of pitting potential is indeed less important
in the presence of hydrogen peroxide and at different tem-
peratures than that obtained with the chloride alone. The
smaller or negative difference between the corrosion poten-
tial and repassivation potential makes it possible to obtain
crevice corrosion at higher temperatures. These results
imply that chloride and high temperature lead to less O2�

vacancies and more metal cation vacancies in passivity as
will be seen in the subsequent discussion (Eqs. (30) and
(31)). In consequence the oxide layer will be defective and
will not provide protection, and the number of pits and cre-
vices would increase in this oxide by chloride and hydrogen
peroxide at high temperature. From scanning micrographs
(Fig. 11), it is seen that the 316L stainless steel is highly cor-
roded over all the surfaces with crevices, pitting and gener-
alized corrosion.
In the voltammetric curves (Fig. 12), it can be seen that
the current in the active peak is shifted towards more neg-
ative values. This type of current results from the 3H2O2

reduction current superimposed on the active corrosion
current. An increase in the temperature leads to an increase
in the pitting currents in the forward and backward scan.
In this context, pitting is aided by the displacement of cor-
rosion potential towards the passive–transpassive region
with increasing temperature. According to the aspect of
the curves (small difference between the corrosion potential
and the repassivation potential and high currents), crevice
corrosion is feasible. No current fluctuations are seen, the
kinetics of oxide layer breakdowns and localized corrosion
are so fast that these are not observable.

To interpret the experimental results obtained with chlo-
ride and hydrogen peroxide at different temperatures, it is



Fig. 12. Voltammetry curves with chloride and hydrogen peroxide, effect
of temperature v: 200 mV s�1, A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3,
3H2O2: 7 · 10�3 mol dm�3, temperature: (1) 20; (2) 40; (3) 60; (4) 80 �C.
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useful to use the theory of the point defect model within the
chloride diffusion model. According to Strehblow [16] and
Macdonald [7,17], if the metal cation vacancies penetrate
the alloy at a slower rate than their diffusion through the
oxide layer, they accumulate at the alloy–oxide layer inter-
face and finally lead to a local concentration and hence will
form a void. When the void grows to a certain critical size,
the oxide layer suffers local collapse, which then marks the
end of the pit incubation period when chlorides are present.
The collapsed site dissolves much faster than any other
location on the layer, thereby leading to pit growth. From
this, the diffusion of metal cation vacancies is affected by
adsorption and the incorporation of Cl� ions at the oxi-
de–3H2O2 interface as shown in the following equations:

V nþ
Me �

n
2

V O2� ¼ 0 ð28Þ

CV nþ
Me
¼ kðCV

O2� Þ
�0:5n ð29Þ

V O2� þ Cl�aqueous-ads $ fCl�g ð30Þ
Eq. (28) represents the Schottky-pair reaction at the oxi-
de–3H2O2 interface. In Eqs. (29) and (30), {Cl�} is a chlo-
ride anion occupying O2� vacancies and C is the vacancies
concentration with an inverse dependence on V nþ

Me and V 2�
O .

It can be seen that the number of free V 2�
O vacancies de-

creases in the presence of chloride. Inversely, due to inter-
dependence of the concentration of cation and anion
vacancies and the adsorption and diffusion of Cl� within
the oxide layer, as shown by ellipsometry [18], the number
of metal cation vacancies increases in the oxide layer up to
a critical concentration leading to localized corrosion at the
pitting potential. From these considerations, the criterion
for pit initiation in the presence of 3H2O2 can be expressed
with the rate of diffusion in oxide and/or by the variation
of incubation time of chloride which can be estimated from
D(Epit � Ecorr) in the polarization curves (Fig. 10).

oV Menþ

ot
¼ J o CV

O2� foxide� 3H2O2g
h i�0:5n

ð31Þ

In this equation giving the diffusion rate in oxide, Jo depends
on thermodynamic constants and CV

O2� foxide–3H2O2g
is the concentration of O2� vacancies at the oxide layer–
3H2O2 interface. Eq. (31) signifies that the metal cation
vacancies diffusion is enhanced by decreasing the concentra-
tion of O2� vacancies, e.g., with chloride present and/or by a
small incubation time when its adsorption and diffusion are
fast. This enhancement can effectively lead to the accumula-
tion of metal cation vacancies at the alloy–oxide layer inter-
face. From Eqs. (28) and (31), and applying a calculation
procedure similar to that given by Strenblow [16] and Mac-
donald et al. [7,17], the simplified equation in the presence of
3H2O2 and Cl� and for different temperatures can be written
as

Ecri ¼
4:6RT
aFn

log
Jm

Jo
M
q exp

3H2O2

RT

n o�0:5n

interface

0
B@

1
CA� 2:3RT

aF
log Cl�;

ð32Þ

where Ecri is the potential for critical collapsing, Jm is the
rate of submergence of the metal cation vacancies in the al-
loy, M is the mean molar weight of oxide, n the mean num-
ber of electrons required to form the oxide and q the oxide
density. From this equation, it can be seen for high submer-
gence rates, that the temperature combined with chloride
(second term in Eq. (32)) shifts the pitting potential to-
wards less positive values, thereby favoring pitting. It can
also be deduced that temperature combined with hydrogen
peroxide (first term in Eq. (32)) acts in contrary on the pit-
ting potential. Therefore, in Eq. (32), the temperature has
two effects that are inverted with regard to hydrogen perox-
ide and chloride, and these would validate the experimental
results since the displacement of pitting potential is very
low in Fig. 10. These also confirm the results in the curves
obtained with chloride alone (Fig. 3), and the potential of
the passive–transpassive transition in the curves obtained
with hydrogen peroxide alone (Fig. 7). Therefore, temper-



Table 6
Dependence of charge transfer resistance on temperature with chloride
and hydrogen peroxide

T (�C) 20 40 60 80

Rct (X cm2) 47 36 27 21
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ature combined with hydrogen peroxide acts for passivity.
But, temperature with hydrogen peroxide will be indirectly
dangerous in the sense, that it displaces the corrosion po-
tential towards the repassivity region making possible cre-
vice corrosion at high temperature possible.

3.3.2. Electrochemical impedance spectroscopy

The experimental Nyquist plots obtained for the 316L
stainless steel subjected to a constant concentration for
Cl� and 3H2O2 and for different temperatures are shown
in Fig. 13. Changes in the temperature affect the position
of frequency and the size of the partial or complete capac-
itive semicircle suggesting mass transport. In these Nyquist
diagrams, the inductive loop, visible with chloride or
hydrogen peroxide alone, should be hidden by the resistive
and the capacitive effects. Along the capacitive semicircle,
the total impedance is predominantly resistive over a broad
frequency range, while the capacitive part is predominant
only for higher frequencies where the semicircle is incom-
plete at low frequencies. On increasing the temperature,
the decrease in size of the partial capacitive semicircle sug-
gests pitting and crevice processes in agreement with Figs.
10–12. In order to account for these observations, 3H2O2

reduction participating in oxide formation and localized
corrosion processes leading to pitting take place simulta-
neously and are enhanced with the temperature. The exper-
imental diagrams can be satisfactorily explained on the
basis of the equivalent circuit approach presented in
Fig. 6 where the adsorption inductance corresponding to
the MeO3HClads and Me(O3H)2 formation [1] has a small
effect in comparison to the pitting and crevice processes.
The values of the equivalent circuit elements are given in
Table 6. Data in this table indicate that the charge transfer
resistance is very low and the capacitance, estimated from
C = (pfcRreal)

�1 where fc is the characteristic frequency at
the top of the semicircle, is unusually high (more than
160 lF cm�2). The capacity value does not correspond to
a double layer or an oxide layer capacitance (�50 and
5 lF cm�2, respectively). This indicates high localized cor-
rosion with pitting and crevice corrosion. Comparison of
Fig. 13. Nyquist plots with chloride and hydrogen peroxide, effect of
temperature A: 0.2 cm2, pH 4, Cl�: 5 · 10�2 mol dm�3, 3H2O2:
7 · 10�3 mol dm�3, temperature: (1) 20; (2) 40; (3) 60; (4) 80 �C and
0.42 V/SCE.
the electrical resistance values with those given in Tables
3 and 5 indicates that for the same temperature, oxide layer
is less protected with chloride and hydrogen peroxide, sig-
nifying more important localized corrosion.

In order to model the adsorption on the oxide with
hydrogen peroxide and chloride, we have numerically ana-
lyzed and carried out calculations to obtain the character-
istics, the size and the structural aspect of the adsorbed
species in the presence of hydroxonium ions using the
Chem-OfficeTM program. During the last years, consider-
able effort has been made on solving the structure of the
adsorbed layers. Achievement in this field is well illustrated
by a handbook containing a catalogue of these structures
[19] and database can be obtained using a graphic program
[20]. As an example, the structures of MeO3HClads, O2�,
{Cl�} and Me(O3H)2 linked to MeO3Hþads are shown in
Fig. 14. This figure schematizes the well-ordered complexes
adsorbed on the oxide layer. As schematized in Fig. 14,
these species produce a radioligand layer, and the consid-
ered surface and volume have been modeled, the adsorbed
layer lying in parallel to the oxide surface in order to get a
reasonable coverage. In this model, 3H3O+ ions bonded to
Fig. 14. Structure in 3D dimension of Me(O3H)2, MeO3Hþads and
MeO3HClads in presence of 3H3O+ ions (a) without MeO3HClads species,
(b) with MeO3HClads species.



Table 7
Bond lengths, angles, closer contact between species, orbital size of adsorbed species (Me(O3H)2, MeO3Hþads and MeO3HClads), ionic radius and size of
3H+ and 3H3O+

Bond lengths (nm) Angles (�) Orbital (nm)

O–3H Me–O Me–Cl Me–O–3H

Me(O3H)2, MeO3Hþads 0.17–0.27 0.15 – 67 1.25
MeO3HClads 0.41 0.29 0.26 14 0.83

Closer contact (nm) Me/O 0.1 Ionic radius 3H+ (nm) 0.15
Me/Cl 0.09 3H3O+ size (nm) 0.4
O/3H 0.14
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the anionic species participate in ionization. MeO3HClads

overlaps the adjacent adsorbed hydroxides and fills the dif-
ferent orbitals. Calculations using the MerckIndexTM data-
base give the bond lengths and angles for these different
species in minimizing energy and take into account the
3H3O+ ions. Results are reported in Table 7. In this table,
it can be seen that the bond angles, the bond lengths and
orbitals of Me(O3H)2 and MeO3Hþads differ to those
obtained with MeO3HClads presence. MeO3HClads has
the tendency to increase the bond lengths of hydroxide rad-
icals. Increasing these bond lengths decreases the bond and
adsorption strengths, and consequently the corresponding
driving force is less important than that obtained when
Me(O3H)2 and MeO3Hþads are alone. It can be deduced that
the chloride limits the adsorption of hydroxide and thereby
diffusion of O2�. Diffusion of O2� favors oxide growth.

4. Conclusion

For safety reason and to avoid contamination, special
sampling of tritiated water and the design of electrochem-
ical cell are presented and explained. The 316L stainless
steel subjected to tritiated water containing chloride,
hydrogen peroxide at acid pH and at different temperatures
shows a well defined localized corrosion region over a wide
range of potentials going from the corrosion potential to
transpassivity. Two influences are simultaneously observed
during the increase in temperature: a high cathodic current
corresponding to hydrogen peroxide reduction aiding oxide
formation, and a high anodic current corresponding to a
strong corrosion by pitting and crevice attack by chloride.
In this context, the corrosion potential is in the limit of pas-
sivity–transpassivity when the temperature is high enough.
This produces more localized corrosion accompanied by
generalized corrosion at acid pH. It can also be thought
that chloride and hydroxide formed by hydrogen peroxide
reduction lead to adsorption and diffusion into oxide, facil-
itating the overlap of the active and localized corrosion
regions at high temperature. According to our results
obtained by electrochemical analysis methods and scanning
electron micrography, increasing the temperature facili-
tates defective oxide formation and pitting and crevice cor-
rosion. The 316L stainless steel is highly corroded in
tritiated water containing chloride, hydrogen peroxide at
acid pH and high temperature.
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